Purpose: To determine whether posterior chamber phakic implantable collamer lens (ICL) surgery in high myopia patients impedes oxygen saturation of retinal vessels. Methods: Mean oxygen saturation and diameter in retinal blood vessels were measured before and after ICL implantation surgery to correct high myopia refractive errors (i.e. À6.00 to À20.25 dioptres [D]), using an Oxymap T1 retinal oximeter. Results: In 17 eyes of 17 patients, the Oxymap T1 retinal oximeter detected a small but significant decrease in oxygen saturation of retinal venules, 1-week postoperatively (compared to preoperative measurements). Moreover, at 1 week after ICL implantation, the diameter of patient retinal vessels had consistently contracted, compared to preoperative measurements. By 1 month after ICL surgery, however, both the oxygen saturation and retinal vessel diameter had returned to preoperative levels. Otherwise, no statistically significant difference in oxygen saturation and diameter of retinal arterioles was found when comparing their measurements before and 1 week after implantation. Conclusion: Stable levels of oxygen saturation in retinal vessels, as detected by the Oxymap T1 oximeter, show ICL implantation would not leave lasting impact or adverse effects to retina oxygen saturation in high myopia patients.
Introduction
Currently, ophthalmologists widely recommend posterior chamber ICL implantation surgery for high myopia, as it immediately improves visual acuity (VA) while preserving the accommodation. Multiple long-and shortterm studies have provided solid evidence of the safety, effectiveness and predictability of posterior chamber ICL implantation surgery. In a 12-year retrospective clinical study comprising 140 eyes, Moya et al. (2015) reported a significant improvement of visual acuity in high myopia patients underwent ICL implantation surgery with low incident of postoperative complications. Igarashi also depicted 93% of eyes were within AE1.0 D of the intended correction 4 years after ICL implantation, demonstrating a good predictability (Igarashi et al. 2014) . Although these studies have proved its safety profile, phakic ICL implantation surgery is an intraocular procedure with all the considerable consequences for eye physiology, which might cause visual damage, especially the vitreoretinal complications. However, due to technical limitations, little investigation has been made according the influence of ICL implantation surgery on the posterior segment.
High myopic eyes show fundus degeneration that has inherently increased risk for vitreoretinal complications, regardless of any surgical procedure (Akyol et al. 1996; Bamashmus et al. 2012; Jonas & Xu 2014) . Impaired retinal microcirculation might involve in this pathological phenomenon. Haemodynamics study showed that average retinal blood flow in high myopic eyes, with no serious retinopathy, was significantly decreased compared with emmetropic eyes (Shimada et al. 2004) . Recently, in Gao's study, decreased retinal oxygen saturation and decreased AV difference as well as narrowing retinal vessel diameter were observed in high myopic eyes, compared with normal subjects (Zheng et al. 2015) . The variations in retinal oxygen saturation might reflect early microangiopathy, which has been suggested to be correlated with unusual anatomy and physiology changes of the retina, not only in ocular diseases but also in ophthalmic surgery (S ın et al. 2014; Lou et al. 2015) . Currently, whether the ICL implantation surgery would further affect the retinal oxygen saturation of high myopic eyes has not been defined.
Imaging retina by retinal oximeter (Oxymap ehf., Reykjavik, Iceland), a non-invasive, dual-wavelength retinal camera, can provide detailed information about oxygen saturation of retinal vessels in vivo (Riva & Ben-Sira 1973; Beach et al. 1999; Yu & Cringle 2001; Geirsdottir et al. 2012) . This is a key measure as the high rate oxygen consumption in retina is critical for ocular function. Various factors can affect the oxygen saturation of retinal vessels: changes in the oxygen concentration of the environment; metabolic disease; and changes in ocular structure (Nagel et al. 2004; Tayyari et al. 2009; Lange & Bainbridge 2012; Palkovits et al. 2014; O'Connell et al. 2015) . Moreover, clinical and population-based studies reported that changes in retinal oxygen saturation and vessel diameter are associated with pathological degeneration of retina in eyes with ocular diseases, such as diabetes, primary open-angle glaucoma and retinitis pigmentosa (Ramm et al. 2014; Turksever et al. 2014; Cheung et al. 2015) . Because quantitatively measured alteration of retinal vascular and oxygen saturation could imply retina abnormality (Leske 2009; Nakahara et al. 2013) , it might help clinicians detect vascular compromise in high myopia patients underwent ICL implantation surgery long before vitreoretinal complications are seen clinically.
Based on the evidence above, we analysed the diameters and oxygen saturation of retinal vessels using Oxymap retinal oximeter, aimed to uncover any microvascular dysfunction and potential structure changes induced by posterior chamber ICL. This work will not only provide new insight into the surgical assessment of ICL implantation surgery, but also broaden the application of Oxymap retinal oximeter.
Materials and Methods

Patient recruits
This observational study included seventeen eyes from seventeen patients (nine males and eight females) with high myopia (between À6.00 and À20.25 dioptres). Patients had been dissatisfied with the correction provided by spectacles or contact lenses and underwent ICL implantation surgery at Zhong Shan Ophthalmic Center between October 2014 and March 2015. All patients included in this study showed no other ocular pathology, serious systemic disease or smoking habits, whose anterior chamber depth (ACD, measured from the endothelium to the crystalline lens) was more than 3.0 mm, and pupil size less than 5.0 mm. Before surgery, clinical data for each patient were collected, including age, gender, intraocular pressure (IOP), anterior chamber depth and visual acuity. Patients who had a simultaneous or consecutive additional refractive surgical procedure were excluded. All study procedures were conducted in accordance with the tenets of the World Medical Association's Declaration of Helsinki. National ethics committee approval was obtained (approval 2014028) ; all participants were informed about the study procedure and signed the informed consent form before surgery.
Preoperative examination
Before surgery, all patients underwent a standardized ocular examination: the anterior chamber depth (ACD) and horizontal white-to-white distance were measured using a scanning-slit topography system (Orbscan IIz, Bausch & Lomb, Rochester, New York, USA); the keratometric readings were obtained from each eye, with an autorefractometer (RM-8000B; Topcon, Tokyo, Japan); and the mean central corneal thickness was measured using an ultrasound pachymeter (SP-100; TOMEY, Japan). In addition, each eye underwent slit-lamp biomicroscopic and funduscopic examination by an experienced doctor, to eliminate the possibility that the patient was affected by any other ocular disease. Moreover, before surgery and 1 week, 1 month, 3 months postsurgery, each patient eye was evaluated for uncorrected visual acuity (UCVA), best spectacle-corrected visual acuity (BSCVA), IOP, manifest and cycloplegic refraction. UCVA and BSCVA were evaluated by decimal Snellen and converted to the logarithm of the minimum angle of resolution (logMAR) for statistical analysis. The IOP was measured using a non-contact tonometer (KT-500; Kowa Co Ltd, Tokyo, Japan).
Surgical implantation of intraocular lenses
The size of the ICL was calculated with a STAAR sizing formula, on the basis of the horizontal corneal diameter (HCD) and the anterior chamber depth (ACD), as measured by an Orbscan II Topographer (version 3.12). Standard ICL implantation surgeries for high myopia patients were performed by the same surgeon (KM Y, Sun Yat-sen University, corresponding author). Briefly, two peripheral laser iridotomies, 90°apart, were carried out using a neodymium: YAG laser, at least 1 month before surgery, to prevent postoperative papillary blockage. In all patients, pupils were dilated with 1% tropicamide, 1 hr preoperatively. Topical anaesthesia was applied half an hour before surgery, with 4% lidocaine. Following placement of hyaluronic acid (STERILE, Han Zhou, China), STAAR ICL was slowly inserted through a 3.0-mm temporal corneal incision, into the anterior chamber, under direct visualization with an operating microscope. Any remaining viscoelastic was removed with gentle irrigation and aspiration with balanced salt solution. Postoperatively, tobramycin 0.3%-dexamethasone 0.1% eye drops (Tobradex) were administered, four times daily for 2 weeks. During the surgery, no patient required additional administration of oxygen.
Retinal vessel oxygen saturation measurement
The Oxymap T1 retinal oximeter (Oxymap ehf., Reykjavik, Iceland) is based on a fundus camera (Topcon TRC-50DX; Top, TOMEY, Nagoya, Japan). It simultaneously captures retinal images at two different wavelengths (570 and 600 nm) and estimates retinal vessel oxygen saturation with the following formula: SatO2 = (a*ODR+b)+ (c*w+d) [Calibration parameters: a = 1.28, b = 1.24; diameter correction parameters: c = 0.0097, d = 0.14; w represents the vessel diameter], which has been described elsewhere (Beach et al. 1999; Geirsdottir et al. 2012; Yang et al. 2016) . The optical density ratio (ODR) = OD600 nm/OD570 nm. The retinal vessel oxygen saturation and vessel diameter of main retinal arterioles and venules were measured. Systemic measurement, such as blood pressure and oxygen saturation of peripheral blood, was examined for all patients to determine the alterations in the total oxygen supply to the retina and its consumption, as well as the reliability of the measurements and topographic differences.
Briefly, the pupils of subjects were dilated with 1% tropicamide. Images were taken by the same skilled photographer, in a dark room with no illumination other than the light from the fundus camera and computer screen. For image analysis, the optic disc was placed in the centre and the main retinal vessels within 400 pixels of the edge. In this area, all first-and second-degree vessels (i.e. those six pixels or greater in diameter) were measured. The mean oxygen saturation values and vascular diameter of retinal vessels were automatically analysed using the data analysis software (OXYMAP ANALYZER version 2.4; Oxymap ehf.). More than five images were taken for each eye in every follow-up visiting, and the image defined as inadequate in quality, such as blurred image, would not include in this study. As all examinations were conducted under equivalent conditions, the differences found in this study are considered to be reliable.
Follow-up
Follow-up visits were at 1 week, and 1 and 3 months, postoperatively. All eyes were examined at each postoperative visit. During this period, the assessed outcome parameters included the last visit UCVA and BSCVA, refraction, IOP and slit-lamp examination for lens transparency and inflammation. AS-OCT was used to observe ACD and the position of ICL.
Statistical analysis
The data are presented as the mean AE standard deviation (SD). The differences between the means were evaluated using paired Student's t-test and ANOVA test (for patients preoperatively and postoperatively), using SPSS Statistics 19 (SPSS Inc., Chicago, IL, USA). The Pearson coefficient was calculated to analyse the correlation between the oxygen saturation with VA. All tests were two-tailed, and p values <0.05 were considered statistically significant.
Results
ICLs improve vision immediately without detectable harm
Preoperative patient demographics are summarized in Table 1 . The patient age at the time of surgery was 23 AE 8 years (range 18 to 43 years). The preoperative manifest spherical equivalent (SE) was À14.2 AE 4.49 D (range À6.0 D to À20.25 D). The preoperative manifest refractive cylinder was À1.3 AE 0.48 D (range 0.00 to À5.50 D). Uncorrected visual acuity (UCVA) was under 1.0; log MAR best spectacle-corrected visual acuity (BSCVA) was 0.18 AE 0.26. Horizontal white-to-white distance was 11.4 AE 2.63 mm. Anterior chamber depth was 3.13 AE 0.75 mm. The IOP was 13.9 AE 2.93 mmHg. The blood pressure, pulse and finger oximetry, in all patients included in this study, were in the normal range (Table 1) .
Successful implantation was achieved in all patients. No complications occurred during the surgical procedures or the follow-up period. None required a second surgical procedure or prolonged topical medication. Nonpigmented precipitates on the ICL surface were observed in sixteen eyes (94.11%), and pigmented precipitates were found in one (5.88%), but pigmentary glaucoma was never detected. Pre-and postoperative patient visual acuity is presented in histogram. Following surgery, visual acuity improved for all patients, immediately. The mean postoperative manifest SE refraction was À1.9 AE 0.68 D, with 94.11% of eyes maintaining or gaining BSCVA (preoperative: 0.18 AE 0.26 and postoperative: 0.09 AE 0.26; Fig. 1A ). In contrast, the mean preoperative IOP and postoperative IOP (13.9 AE 2.9 versus 14.2 AE 3.6, Fig. 1B) were not significantly different. A mild transient increase in intraocular pressure (up to 27 mmHg) was observed in two eyes, 1-week postsurgery; however, IOP returned to normal after the topical corticosteroid agents were withdrawn. The mean preoperative ACD measured with AS-OCT was 3.14 AE 0.72 mm. The mean ACD, 1 month after surgery (cornea-ICL), was 2.48 AE 0.21 mm, demonstrating a statistically significant reduction (*p < 0.01). Moreover, the relative position of the posterior chamber phakic IOL was examined using WaveLight GmbH (Am Wolfsmantel 5. Germany). For each eye, the ICL was in contact with the iris, but never in contact with the crystalline lens. In addition, 1-month postsurgery, the central vault of the ICL (distance from posterior surface of ICL to the crystalline lens) as measured with WaveLight GmbH was 0.50 AE 0.17 mm. These evidences demonstrated that ICL implantation surgery provided immediate good postoperative corrected visual acuity for high myopia patient with mild side-effects.
Fundus and oxygen saturation changes in high myopic eyes
Fundus imaging taken by Oxymap T1 retinal oximeter has shown chorioretinal atrophy and optic disc abnormality in high myopia eyes compared with emmetropic eyes (Fig. 2) . Thinness and rigidness were observed in both the arterial and venues of the retina in high myopia eyes. Consistent with Gao's study, the oxygen saturation of retinal vessels in high myopia patients evaluated in this study was lower than the baseline of normal object measured by Geirsdottir (Geirsdottir et al. 2012; Zheng et al. 2015) . This observation implied the ultrastructure changes of retina microcirculation in high myopia patients.
Oxygen saturation and retinal vessel diameter are modestly affected and recover quickly after ICL surgery
Using Oxymap T1 retinal oximeter, we analysed the oxygen saturation and vessel diameter of retinal arterioles and venules pre-and post-ICL implantation surgery in high myopia patients. The quality of each image (Fig. 3 (Table 2 ) and boxplot (Fig. 4) . Among all patients (n = 17), the baseline oxygen saturation of the retinal arterioles in high myopia patients was 93.8 AE 4.6%, and the baseline oxygen saturation of retinal venules was 58.7 AE 4.88%; the arteriovenous saturation difference was 35.2 AE 6.62% (Table 2) . One week followed ICL implantation surgery, a small but significant decrease in oxygen saturation in retinal venules was observed, from 58.7 AE 4.88% at baseline to 53.1 AE 8.29% (*p = 0.032, Fig. 4A ), but no significant change in oxygen saturation of retinal arterioles (presurgery: 93.8 AE 4.6%; 1-week postsurgery: 93.3 AE 6.79%, p > 0.05, Fig. 4B ). In addition,the oxygen saturation in 1 week after ICL implantation in the retinal arteriovenous saturation difference was significantly higher than it was preoperative (preoperation: 35.2 AE 5.62%; 1-week postoperation: 40.3 AE 9.36%, *p = 0.04). Moreover, the average diameter of retinal vessels was also lower at 1 week after implantation (arterioles: 11.6 AE 0.87 pixels; venules: 14.9 AE 1.26 pixels) compared to baseline (arterioles: 12.3 AE 1.29 pixels; venules: 15.7 AE 1.46 pixels, *p < 0.05, Fig. 4C and D) . Interestingly, by 1 month after surgery, the decreases in oxygen saturation in the retina venules had disappeared; oxygen saturation levels had returned to preoperative levels (56.6 AE 7.02%, p > 0.05), as did the diameter of the retinal vessels (arterioles: 12.3 AE 1.11 pixels; venules: 15.8 AE 1.91 pixels, p > 0.05; Fig. 4 and Table 2), indicating that the microenvironment of the retinal vasculature had recovered. In addition, no significant correlation was found between the oxygen saturation of retina vessels and refractive errors ( Fig. 5A and B, p > 0.05). Taken together, these evidences indicated that the ICL implantation surgery would not leave lasting impact or adverse effects on retina oxygen saturation.
Discussion
In the present study, our data show that postchamber ICL implantation surgery did not adversely affect the retinal retinal oxygen saturation and vessel diameter.
Several studies have investigated the oxygen saturation of retinal vessels in patients with diabetes, glaucoma or 2 . Pseudocolour fundus map generated automatically by the Oxymap T1 oximeter. The fundus images of high myopia patient and normal subject are generated by Oxymap T1 oximeter. Oxygen saturation was measured along the main retinal vessels within 400 pixels of the edge of the optic disc. The colours in the oximetry images indicate relative oxygen saturation (%) in the retinal vessels.
RP, indicating that changes in retinal oxygen saturation and vessel diameter are associated with underlying microvascular dysfunction and preclinical structural changes in ocular (Tiedeman et al. 1998; Michelson & Scibor 2006; Ramm et al. 2014; Yao et al. 2016) . In high myopia eyes, Gao et al. reported a lower oxygen saturation and narrowing diameter in retinal arterioles (Zheng et al. 2015) . This is consistent with the data obtained in the present study, demonstrating an unusual anatomy and physiology of the retina in high myopia eyes, and rising the concerns about any microcirculation abnormality inherent to ICL implantation surgery.
Moreover, clinical evidence suggests that eye surgery would cause the alterations of retinal oxygen saturation and vessel diameter (S ın et al. 2014 Lou et al. 2015) . In the present study, our data showed that 1 week after ICL implantation, oxygen saturation of retinal venules decreased slightly but significantly compared to preoperative measurements, as did the diameter of retinal vessels; otherwise, the oxygen saturation of retinal arterioles was normal. Several factors might have contributed to these changes. Firstly, structural abnormalities in high myopia eyes put patients at a high risk for vision-threatening complications (Fig. 2) , and sensitive to the ocular perfusion and pressure changes (Bamashmus et al. 2012; Jonas & Xu 2014) . In these patients, ICL implantation could temporarily destabilize ocular perfusion and pressure during the surgery, thereby decreasing the oxygen delivery to the retina, despite that ICL is a mini-invasive surgical procedure. Secondly, the lower venous oxygen saturation might be explained by the decrease in flow of retinal vessels followed ICL implantation surgery, as oxygen delivery is determined by retinal vessel diameter and the arteriovenous difference in oxygen saturation and low flow allows more oxygen extraction during capillary blood passage (Hickam et al. 1959; Shimada et al. 2004) . Thirdly, these results might reflect that retinal tissues consume more oxygen followed ICL implantation surgery. Moreover, oxygen metabolism in the human retina is a complex process and varies with changes in blood flow. Accordingly, we speculated that local anaesthetic could also cause variations in intraocular pressure and systemic blood pressure that might temporarily render the retina oxygen deficient and last for certain time. Finally, pigmentary changes in the fundus high myopia patients and their different circumstances and heredity backgrounds may also influence the outcome of measurements, causing relative large standard variation (Jonas & Xu 2014; Zheng et al. 2015; Heitmar & Attardo 2016) . Besides, in some highly myopia Presurgery versus postsurgery oxygen saturation and vessel diameter (mean AE SD) for high myopia patients, with p values for comparison. No significant difference in mean oxygen saturation of arterioles was found in myopia patients between presurgery and postsurgery. Compared to the baseline measured before surgery, at 1-week postsurgery, a small but significant increase in venules oxygen saturation and arteriovenous difference were observed. The diameter of retinal vessels, arterioles and venules, was significantly smaller in patients presurgery than 1-week postsurgery. No significant difference was found in vessel diameter and oxygen saturation. Asterisks indicate statistically significant differences presurgery versus postsurgery.
patients, the same retinal vessels were not selected presurgery, 1-week postsurgery and 1-month postsurgery (Fig. 3) . Part of the reason was the decreased diameter 1-week postsurgery, which meant that some vessels were below the predetermined diameter limit at 1-week postsurgery. The fact that some vessels were only included at 1-week postsurgery may introduce bias in the comparison between time-points, which needs further investigation with more recruited patients. However, 1 month after ICL implantation surgery, both the oxygen saturation and diameter of the retinal vessels of most postsurgery patients had returned to preoperative levels, indicating that the microenvironment of the retinal vasculature had recovered from the ICL implantation surgery. Also, the lack of distinct differences in oxygen saturation of retinal arterial between the myopia patients preoperatively and postoperatively suggests the absence of any signs of ischaemia caused by ICL implantation surgery.
Consistent with previous reports (Shi et al. 2015; Zhang et al. 2016) , ICL implantation surgery provided immediate good postoperative corrected visual acuity for high myopia patient with mild side-effects. However, early detection of complications, preferably at the preclinical stage, is essential to stratify patients at high and low risk, and to better understand the underlying pathophysiology of these complications. Using Oxymap T1 retinal oximeter, ophthalmologists cannot only directly view the fundus of eye in vivo, but also evaluate the unusual anatomy and physiology of the retina based on the vessel oxygen saturation, which might be beneficial for detecting preclinical complications. Nevertheless, further investigation is needed to identify the relationship between any decrease in diameter and oxygen saturation in retinal vessels responding to the surgical stimulus. This line of research might give us more power to flag postoperation complications promptly. There were several limitations to this study. For example, as most high myopia patients who want surgical modification are young, we did not include elderly patients, whose oxygen saturation might respond differently to ICL implantation surgery. Also, to our knowledge, little research has been carried out regarding how ocular surgical stimulus affects retinal vessel oxygen saturation. Moreover, several individuals presented low venous saturation values and decreased vessel diameter 1 week after surgery. This might relate to magnitude refractive errors of the patients, as high myopic eyes show fundus degeneration and impaired retinal microcirculation, which makes them vulnerable to the surgery. However, no significant correlation was found between the oxygen saturation of retina vessels and refractive errors, which might due to small sample size and needs further investigation. Nevertheless, these limitations do not affect the major conclusion of this study that ICL implantation surgery does little to disturb retinal microcirculation.
In conclusion, using the Oxymap T1 retinal oximeter, this study provides evidence that ICL implantation does not leave lasting impact or adverse effects to retina oxygen saturation. Moreover, analysing the diameter and oxygen saturation of retinal vessels preoperatively and postoperatively provides more detailed information about the ocular response to surgery, which might help ophthalmologists to prevent or treat complications. Clearly, further comprehensive researches are warranted to confirm the conclusions presented herein as well as the value of Oxymap T1 retinal oximeter for clinical guidance.
